Synaphic (ligand-directed) targeting of drugs is an important potential new approach to drug delivery, particularly in oncology. Considerable success with this approach has been achieved in the treatment of blood-borne cancers, but the advances with solid tumours have been modest. Here, we have studied the number and availability for ligand binding of the receptors for two targeting ligands. The results show that both paucity of total receptors and their poor availability are major bottlenecks in drug targeting. A tumour-penetrating peptide greatly increases the availability of receptors by promoting transport of the drug to the extravascular tumour tissue, but the number of available receptors still remains low, severely limiting the utility of the approach. Our results emphasize the importance of using drugs with high specific activity to avoid exceeding receptor capacity because any excess drug conjugate would lose the targeting advantage. The mathematical models we describe make it possible to focus on those aspects of the targeting mechanism that are most likely to have a substantial effect on the overall efficacy of the targeting. L igand-directed (synaphic) targeting is a therapeutic strategy that makes use of antibodies, peptides, small molecules, or other moieties that bind to molecular receptors specifically expressed in tumours 1 . Affinity to a target results in higher drug concentration at the diseased site than would be attained without targeting, increasing therapeutic efficacy and reducing toxicity to healthy tissues. Markers present on the vasculature of tumors are particularly favorable as targets because they are accessible to circulating probe, whereas receptors on tumor cells and other non-vascular cells are more difficult for a macromolecular drug to reach. Often underappreciated in the field of targeted cancer therapy is that the efficiency for synaphic targeting is constrained by the quantity of accessible receptor -often a small and variable fraction of the total amount expressed in the tissue.
L igand-directed (synaphic) targeting is a therapeutic strategy that makes use of antibodies, peptides, small molecules, or other moieties that bind to molecular receptors specifically expressed in tumours 1 . Affinity to a target results in higher drug concentration at the diseased site than would be attained without targeting, increasing therapeutic efficacy and reducing toxicity to healthy tissues. Markers present on the vasculature of tumors are particularly favorable as targets because they are accessible to circulating probe, whereas receptors on tumor cells and other non-vascular cells are more difficult for a macromolecular drug to reach. Often underappreciated in the field of targeted cancer therapy is that the efficiency for synaphic targeting is constrained by the quantity of accessible receptor -often a small and variable fraction of the total amount expressed in the tissue.
In this report we quantify accessibility of two commonly targeted tumor cell receptors, HER2 and avb3 integrin. We use computational modeling to examine the vascular and intratumoral delivery using experimental values for accessible and total receptor count. The computational model enables systems level analysis of the key components of the synaphic targeting process. Furthermore, it allows the comprehensive study of a variety of conditions that would be difficult to conduct experimentally. We further examine the effect of the recently discovered iRGD peptide 2 , which when administered systemically increases the penetration of a co-administered drug into tumors 3 .
Results

Biotinylation of accessible proteins in vivo.
To assess the fraction of tumor proteins accessible to a blood-borne probe, we first determined the total amount of the two receptors we had chosen for this study: the first was the av integrins, which are highly expressed in tumor vasculature, tumor cells and tumor fibroblasts 4 and much used in synaphic drug targeting 1, 5 . The second receptor was the HER2 tyrosine kinase receptor, the gene which is frequently amplified in breast cancer and drives tumor development and progression 6, 7 . HER2 is also commonly used as a target for drug delivery. ELISA quantification provided a baseline value on the amount of av integrins and HER2 in tumors (Tables 1 and 2) .
To determine the fraction of av integrins accessible to a blood-borne probe, we perfused tumor-bearing mice with the amine reactive ester derivative of biotin (sulfo-NHS-LC-biotin) 8 . We obtained high degree of labeling of tumor vessels in 4T1 and M21 tumors (Figures 1 and S1) , higher than what was seen in Rybak et al. (2005) . A possible explanation is that we used orthotopic tumors, which are thought to have a better perfused vasculature than the subcutaneous xenograft tumors used by Rybak et al. 9 . In addition, we examined tumor periphery, which is relatively well vascularized. Quantification of the fraction of biotinylated avb3 integrin in the 4T1and M21 tumor models showed that in the 4T1 mouse breast tumor the fraction of biotin-accessible avb3 was ,4% of the total (7.5 6 0.7 of a total of 170 6 15 pmol/g; Table 1 ). Assuming that there are 10 9 cells in a gram of tumor 10, 11 this translates to an accessible average of 4.4 6 0.4 3 10 3 receptors per cell. The M21 (human melanoma) model had higher biotin probe accessibility than the 4T1 model, with 9% of the total human avb3 being labeled in M21 (Table 1) , 31 6 3.6 of a total 340 pmol/g. This value should be noted as an underestimate since it does not include the mouse avb3 contributed by the non-tumor cells in the tumors (Table S4 ). In BT474, a human breast cancer model, the quantity of HER2 reactive with the biotinylation compound was found to be approximately 10-fold greater than that of avb3 integrin in the other models, with 105 6 13 of a total 1850 6 150 pmol HER2 per gram, corresponding to an accessible quantity of 6.3 6 0.8 3 10 4 molecules/cell (Table 2) . Notably, despite the greater total quantity of labeled HER2 compared to avb3 integrin in the other models, the accessibility of HER2 was similar at 5.7% of total receptor.
Effect of iRGD on receptor biotinylation. The tumor-penetrating peptide, iRGD (sequence: CRGDK/RGPDC), is capable of enhancing the delivery of co-administered drugs to tumours 3 . We next tested whether iRGD would increase accessibility of avb3 and HER2 to the circulating biotinylation probe. The iRGD effect is transient; it peaks at 30 min and is essentially over at 1 hour, presumably because the half-life of the peptide in the circulation is short, about 10 min. We limited our analysis to one administration of the peptide to emphasize that we are measuring accessibility and that it can be modulated. Repeated administration of iRGD has been used previously and does enhance long-term antibody accumulation in tumors 3 . iRGD was intravenously injected into mice bearing 4T1 or BT474 tumors, followed 30 min later by perfusion with the biotinylation reagent and comparison to control-injected tumor mice. Tissue biotin distribution was visualized in tumor sections using streptavidin-Alexa Fluor 488 ( Figure S1a) . The results revealed 4 to 6-fold increased biotinylation of tumor avb3 and HER2 when iRGD was pre-injected (Tables 1 and 2 ).
Effect of iRGD on antibody accumulation in tumors. Pre-injection of iRGD into mice bearing 4T1 tumors (av integrin antibodies) or BT474 tumors (anti-HER2 trastuzumab) 30 min prior to the antibody greatly increased antibody accumulation in the tumors as detected by fluorescent microscopy (Figure 2a) . Quantification of the antibodies in tumor homogenates by ELISA showed that iRGD increased the tumor accumulation of both antibodies by 4 to 5-fold (from 16.6 to 77.4 pmol/g in 4T1 and from 27.1 to 128 pmol/g in BT474) ( Table 3 ). Converted to percentage of accessible receptors, it increased from 10% to 43% in the 4T1 model and from 1.5% to 6.8% in the BT474 model.
In silico modeling and parameter estimation. We used computational modeling to examine and interpret the implications of the experimental results described above. Our mathematical model describes the uptake and retention of a circulating probe in vascularized tumors and captures the major processes that determine the time course of the probe concentration within a tumor including local and systemic clearance, extravasation, diffusion, binding, release, endocytosis, recycling, and degradation (see Materials and Methods section for details). The model considers that a circulating probe passes first through the vessel wall, with a dependence on its molecular weight, and then diffuses through the non-vascular tumor tissue ( Figure 3 ). We used our experimental antibody results for quantities of total receptor, obtained other specific constants from literature, and estimated the rest of the parameters from the injected antibody experiments using parameter estimation techniques (Supporting Information and Table S1 ). Considering the % ID/g as the primary observable for injected antibody experiments, we fitted the model to antibody found in the tumor tissue after an injection of anti-mouse av (4T1 tumor mice) or trastuzumab (BT474 tumor mice) each at 1 h circulation, to match with ELISA experiments.
The tissue vascular permeability, P, and the diffusion coefficient of the non-vascular tumor tissue, D, were assumed to be equal for 4T1 and BT474 tumor types when iRGD was not present, and literature values were used (P 5 3e-9 m/s, D 5 1e-11 m 2 /s; Table S2 ). To consider the iRGD experiments, we performed a sensitivity analysis to determine how %ID/g at 1 h changes when each of the parameters is varied by the same small percentage (Supporting Information, Figure S2 ). This analysis revealed that changes in P have a much greater impact on the antibody uptake than changes in any other parameter that could be affected by iRGD (e.g., D, antibody affinity, endocytosis rate, clearance rate, and half-life of the antibody); therefore, we concluded that iRGD has a significant effect on the The accessible and total receptors were measured by ELISA as described under ''Materials and Methods''. Data are presented as the mean 6 SD (n 5 3). The accessible and total receptors were measured by ELISA as described under ''Materials and Methods''. Data are presented as the mean 6 SD (n 5 3). permeability, and estimated the change in P for the iRGD experiments. We also estimated the radius of the Krogh cylinder (R Krogh ), the amount of tissue supplied by a capillary, since the degree of vascularization can vary between tumor types ( Figure 3 ). In the fitting of P and R krogh we included data corresponding to the %ID of antibody per gram tumor from both conditions with iRGD and without iRGD and assumed that the geometry, tissue density, and total blood volume remain constant for each tumor type and condition (Tables S1, S2 ). The optimized model (Supporting Information, Table S2 ) shows good agreement with the complete set of experimental data (Table 4) , with iRGD causing a 4.5-fold increase in P (Table S3) . To validate this model we used an independent set of data, i.e., the availability of receptors to the biotinylation probe. The sulfo-NHS-LC-biotin used in this study is considered to be membrane impermeable, passing through pores in or between cells to reach tissue targets beyond the endothelial layer. This reagent is frequently used for the identification and quantification of proteins on cell membranes, although proteins annotated to subcellular localizations may also be labeled 12 . In our study, the data from M21 tumors show that 14% of the accessible receptors without using iRGD belong to host mouse endothelial cells while the rest are from tumor cells (Table S4 ). This indicates that the biotinylation reagent is indeed able to cross the endothelial layer. The large excess of biotinylation compound (,2 mM) in the perfusion solution over vascular receptors promotes the diffusion and reaction in the perivascular tissue 8 , and mimics certain aspects of a high concentration of targeting probe binding to a receptor. Using the rest of the parameters from the antibody simulations we estimated P for the sulfo-NHS-LC-biotin from the biotinylation experimental data. The percentage of labeled antigen predicted by the fitted model is in good agreement with the experimental data for the three tumor types ( Table 4 ). The fitted P and R Krogh values are summarized in Table S3 . P for biotinylation (P 5 7.9e-9 m/s) is much greater than for the antibody transport, indicating faster movement of lower molecular weight biotin. However, it is slower than reported for other small molecules 13, 14 , a deviation attributed to the negative charge and limited membrane permeability characteristics of sulfo-NHS-LC-biotin, and consumption of the probe by amines richly present in the interstitial space.
Simulation results. Using the model we plotted the antibody accumulation profile in a tissue cross-section (Figure 4) , illustrating how the antibody penetrates deeper into the tumor when iRGD is present. In Figure 4B ,C, we compare the effect of the dose of antibody on the www.nature.com/scientificreports %ID/g, plotting simulation results for 4T1 and BT474 tumors. In the case of 4T1 tumors, the %ID/g decreases slightly for doses above 100 mg when iRGD is present, meaning that saturation of the target is occurring (Ab . Ag, Figure 4B ). When iRGD is not included, the initial stage of saturation occurs well above 1000 mg indicative of limited accessibility. For BT474 tumors the saturation with iRGD administration occurs at higher dosage than for 4T1 since BT474 has a greater amount of receptors per tumor volume ( Figure 4C ). In this tumor model, iRGD increases the %ID/g by 4 to 5 fold across the entire therapeutically relevant dosage window.
Discussion
Information on the quantity and accessibility of targeting receptors in intact tissues is an increasingly important factor to consider in developing targeted therapies. Here we develop methods for both quantifying accessible receptor in tissues and for computational modeling of the kinetics of drug permeation.
The av integrin and HER2 amount in tumors was as expected; the 40,000 receptors per cell number we measured for av integrins is typical of cell surface proteins, including integrins 15, 16 , and the amplification of the HER2 gene in the BT474 cells agreed with the 10 fold higher expression of this protein 17 . Nonetheless, the amount of total receptor available for tumor targeting of drugs is quite limited, only 200-2,000 picomoles per gram of tumor.
An even more sobering number is the relatively small fraction of the receptors that our results show to be available for blood-borne probes, around 5%. Taken together with the total number of receptors in a tumor, it means that only a few picomoles of a drug conjugate can be specifically targeted to a tumor using tumor-specific targeting probes. This figure is likely modified over time by factors such as diffusion of the drug conjugate into the tumor, receptor turnover, modification of entry into cells and other factors, some of which have been modeled in our simulation studies. These factors are likely to have a greater effect when the probe has a long half-life in circulation, such as an antibody.
We found greater availability for the avb3 integrin than HER2, despite the 10-fold higher expression of HER2. The likely reason is that the integrin is also expressed in tumor vessels, where all cell surface receptor should be available, whereas HER2 binding requires access to tumor cells. This comparison emphasizes the utility of vascular tumor markers in drug targeting. The differences in the accessibility of the same receptor in different tumors, which we also observed, is likely to be caused by differences in the density of the tumors, which is known to affect drug penetration 18, 19 . In addition, the amount of intracellular receptor, which constitutes a substantial fraction of the total receptor 20, 21 , may vary from tumor to tumor. Higher receptor saturation densities than ours have been observed, particularly with antibodies 22, 23 . However, these authors used the test antibodies in large excess relative to the receptor, which is not advisable in synaphic targeting because exceeding the capacity of the receptors will defeat the purpose of the targeting. We also used the biotinylation probe in excess to detect available receptor. Thus, it should be noted that the biotinylation analysis probably overestimates the number of receptors readily available for synaphic targeting, particularly in the relatively short time frame we used.
A recently identified tumor-penetrating peptide, iRGD, promotes the entry of coupled and co-injected compounds into tumor tissue through a transport pathway specifically activated in tumors 2, 3 . Our modeling results identify vascular permeability as the modeling parameter most relevant to iRGD-enhanced treatment. Permeability is used here as an operational term that describes the transport across the endothelial layer separating the blood volume from the tissue. It does not include details involving the biological mode of the transport, e.g. endocytosis, transcytosis, or convection flow.
One finding of this study is that the increase in tumor accumulation for the targeted drugs by iRGD was effective for both biotin and antibody penetration. Earlier studies have shown that tumor accumulation of compounds ranging from simple drugs to nanoparticles is enhanced by iRGD co-administration 3 . Thus, the iRGD effect is general, and minimally dependent on the size and hydrophilicity of the drug. Here, we examined the effects of a single injection of iRGD in the one-hour window that has been observed for iRGD 3 . The pharmacokinetic model we have developed can be used to model drug transport, and this model suggests that iRGD enhances the effective vascular permeability, which increases receptor accessibility and drug accumulation in the tumor. This effect is likely to be particularly pronounced for compounds with a short half-life in the circulation because they have a limited time window to penetrate into extravascular tumor tissue.
Even with the aid of approaches such as using iRGD, these numbers still mean that only picomoles of a drug can be specifically delivered per gram of tumor using targeting probes. Few drugs have specific activities compatible with these numbers, which emphasizes The amount of antibody in the tumor tissue after an injection of anti-mouse av (4T1 tumor mice) or Trastuzumab (BT474 tumor mice) at different concentrations was determined experimentally after 1 h circulation as described the ''Materials & Methods'' section. The effect of iRGD on antibody uptake was evaluated. Data represent the mean %ID/g tissue (n 5 3-5 mice per group).
Figure 3 | The geometry of the vascular-tissue model, the Krogh cylinder.
A hollow inner cylinder with radius R cap represents a capillary that carries the blood plasma and probe molecules while a semi-permeable endothelial barrier restricts passage between the plasma and the surrounding tissue. Each section of capillary vessel is responsible for supplying blood and the small molecule biotinylation probe, or antibody, to the surrounding cylindrical section of tissue with radius R Krogh . the importance of selecting drugs that have the highest possible specific activities for synaphic targeting. These quantitative aspects of targeting have generally been underappreciated, and exceeding the receptor capacity is likely to be the most common reason for failures in attempt to deliver drugs using the targeting approach. Using multiple receptors at the same time would be one solution, but it would not change the fact that most of the available receptors will not be available for the drug conjugate to bind to. Our experimental data provide a quantitative basis for assessing the magnitude of the problem and the mathematical model we have developed allows the assessment of the parameters that are most likely to help deal with it.
Methods
Antibodies and reagents. The anti-integrin avb3 monoclonal antibody LM609 was purchased from Millipore (Hayward, CA). The goat anti-human integrin av polyclonal antibody was obtained from R&D systems (Minneapolis, MN), and the biotin-labeled, rat anti-mouse integrin av monoclonal antibody was from eBioscience (San Diego, CA). The anti-biotin BN34 mouse monoclonal antibody was from Sigma
Life Sciences (St. Louis, MO), and trastuzumab (Herceptin) was kindly provided by Dr. Daniel Greenwald of the Cancer Center of Santa Barbara. Horseradish peroxidase (HRP) conjugated goat anti-rat and donkey anti-goat secondary antibodies were from Millipore and R&D systems, respectively. Recombinant human integrin avb3 and HER2-Fc chimeras were purchased from R&D systems. Sulfo-NHS-LC-biotin and biotin quantitation kit were from Pierce (Rockford, IL). The 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) and all other reagents of analytical and molecular biology grade were obtained from Sigma-Aldrich. iRGD peptide with sequence Ac-{CRGDKGPDC}-NH 2 was synthesized in house as described 2 .
In vivo tumor models. The M21 human melanoma cancer cell line was cultured in Dulbecco's Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FCS) and penicillin/streptomycin. The BT474 human breast cancer cell line was cultured in DMEM/F12 (151) medium with 10% FCS and penicillin/streptomycin. The mouse 4T1 breast cancer cells were cultured in Ischove's Modified Dulbecco Medium (IMDM; Invitrogen) supplemented with 10% FCS and penicillin/streptomycin. For the 4T1 xenografts, 1 3 10 6 cells were injected orthotopically into BALB/c mice (Charles River, Wilmington, MA). The M21 model was generated by injecting 1 3 10 6 cells subcutaneously (s.c.) into the flanks of female nude mice (Harlan Sprague Dawley, Inc., Indianapolis, IN). For the BT474 xenografts, 17b-estradiol pellets (Innovative Research of America, Sarasota, FL) were implanted s.c. into the back of the nude mice one day prior to the orthotopic inoculation of 5 3 10 6 cells in matrigel (BD Biosciences, San Jose, CA). We avoided using tumours that had grown big enough to have necrosis. All animal experimentation was performed according to procedures approved by the Animal Research Committee at the University of California, Santa Barbara.
In vivo biotinylation. To specifically quantify accessible avb3 integrin and HER2 receptors we labeled proteins accessible from the blood circulation with perfusion of amine-reactive biotin 8, 24 and quantified labeled target and total target protein by ELISA. Anesthetized tumor mice were terminally perfused, first with a solution of 10% dextran-40 (w/v) in PBS at 37uC to remove blood and then with 1 mg/mL sulfo-NHS-LC-biotin in PBS containing 10% Dextran-40 (w/v), followed by neutralization of the unreacted biotinylation reagent with 50 mM Tris(hydroxymethyl) aminomethane hydrochloride in PBS (Tris, pH 7.4). Tissues and tumors were excised, and either snap-frozen to prepare homogenates or embedded in Tissue-Tek O.C.T (Fisher Scientific, USA) for cryopreservation and sectioning. Immunofluorescence analysis of biotinylated tissues and tumour. Cryosections (6 mm thickness) were incubated with Streptavidin-Alexa Fluor 488 (Molecular Probes) to visualize labelling. The nuclei were stained with DAPI. Tissue sections were examined and photographed under a FluoView 500 confocal laser-scanning microscope (Olympus).
Preparation of protein extracts and receptor quantification. Tumours from in vivo biotinylated mice were suspended in lysis buffer (2% NP-40, 50 mM Tris, 10 mM EDTA, protease inhibitor cocktail) in PBS at 50 mg tumor per mL lysis buffer. The samples were homogenized, sonicated for 5 min and centrifuged at 16000 3 g for 10 min at room temperature. Protein concentration in the supernatant was quantified by the BCA assay (Pierce). To determine the number of biotinylated avb3 receptors, ELISA plates were coated with 50 ml of goat anti-human av polyclonal antibody at a concentration of 5 mg/mL for 18 h at 4uC. The wells were washed three times with PBS/0.05% Tween-20, and blocked with 1% biotin-free BSA. Diluted tumor lysates or biotinylated standards of avb3 and HER2 (described in the following section) were added to the wells and incubated for 2 hr at room temperature with shaking. After washing, 100 mL of streptavidin-HRP (diluted 151000) in 1% BSA/ PBST (PBS with 0.05% Tween 20) was added to the wells and incubated with shaking for 30 min at RT. The plates were then developed with 2,2-azino-bis(3-etylbenzthiazoline-6-sulfonic acid) and absorbance measured at 405 nm. To separately quantify human and mouse avb3 integrins in M21 xenograft tumor lysates, sandwich ELISA was performed with species-specific anti-human avb3 LM609 and rat anti-mouse av monoclonal antibodies. The biotinylation of HER2 receptor in the BT474 model was similarly quantified by direct sandwich ELISA using anti-human HER2 (Herceptin) as the capture antibody. Total number of avb3 or HER2 receptors in tumour extracts was quantified by competition ELISA (refer to Figure S1C ). ELISA plates were coated with the respective capture antibodies, goat anti-integrin av polyclonal antibody (4T1), antihuman integrin avb3 monoclonal antibody LM609 (M21), or Herceptin (BT474). Serially diluted standards (avb3 or HER2), or tumour extracts, were pre-mixed with biotinylated recombinant avb3 or HER2 in 1% BSA/PBST, and added to their respective wells. After incubation for 1 h at 37uC, wells were washed and streptavidin-HRP was added to the wells. Following incubation and washing, the plates were developed with 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) and absorbance measured at 405 nm.
Biotinylation of recombinant avb3 and HER2 proteins. For quantifying accessible receptors for antibody injection experiments, recombinant avb3 integrin and HER2-Fc extracellular domain (ECD) were biotinylated using the micro sulfo-NHSbiotinylation kit (Pierce) according to the manufacturer's protocol, and the biotinylated protein was purified with a desalting column. The degree of biotinylation was determined using the 2-(4-Hydroxyphenylazo)benzoic acid (HABA) assay (Pierce). The proteins biotinylated by this procedure carried on average 2.4 -3.1 biotin molecules per molecule of protein.
Injection of biotinylated antibodies. To study the effect of the tumor-penetrating peptide iRGD 3 on receptor availability towards antibodies, 100 mL of 200 mM iRGD or PBS were intravenously injected into mice bearing 4T1 or BT474 tumors. Thirty minutes later, biotinylated rat anti-mouse av (for 4T1 tumor mice) or trastuzumab (for BT474 tumor mice) was injected at different concentrations. After 1 h circulation the mice were perfused with PBS, tumors excised and either snap-frozen or embedded in O.C.T for cryopreservation and sectioning.
In silico modeling. A computational model based on partial differential equations (PDEs) was developed to describe the diffusion of probes through the blood vessels and the non-vascular tumor tissue. The model builds on the work of Thurber et al. 25 which is relevant for antibody uptake and retention in vascularized tumors. The foundation of the model includes the major processes affecting the time course of antibody concentration delivered to a tumor (see Supporting Information). The complete set of processes includes local and systemic clearance, extravasation, diffusion, binding, release, endocytosis, recycling, and degradation and can be applied to the geometry of interest. As a simple vascular-tissue model we chose a twodimensional representation using the Krogh-like cylinder geometry; a blood vessel is visualized by extending the concentric circles in the third dimension (Figure 3) . A hollow inner cylinder carries the blood plasma and probe molecules while a semipermeable endothelial barrier restricts passage between the plasma and the surrounding tissue. Each section of capillary vessel is responsible for supplying blood and the small molecule biotinylation probe, or antibody, to the surrounding cylindrical section of tissue (Figure 3) . The vasculature is represented as an array of concentric capillaries in tissue in close-packed configuration; the outer surface of tissue cylinders defines the region where outward transport balances the inward transport from proximal cylinders. See Supporting Information for more detail.
